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ProstacyclinNitric oxide has been pointed out as the main agent involved in the vasodilatation, which is the major
symptom of septic shock. However, there must be another mediator contributing to the circulatory failure
observed in sepsis. This study aimed to investigate the endothelium-dependent relaxation induced by
acetylcholine and the factors involved in this relaxation, using aortic rings isolated from rats submitted to
cecal ligation and perforation (CLP), 2 h after induction of sepsis, which characterizes the hyperdynamic
phase of sepsis. Under inhibition of constitutive NO-synthases (cNOS), the relaxation induced by
acetylcholine was greater in the aortic rings of rats submitted to CLP compared with sham-operated rat
aortic rings. The cyclooxygenase inhibitor indomethacin normalized this response, and the concentration of
the stable metabolite of prostacyclin in the aorta of CLP rats increased in basal conditions and after stimulation
with acetylcholine. Acetylcholine-induced NO production was lower in the endothelial cells from the aorta of
CLP rats compared with sham rat aorta, but the protein expression of the cNOS was not altered. Moreover,
iNOS protein expression could not be detected. Therefore, prostacyclin, and not only nitric oxide, is a mediator
of the vasorelaxation induced by acetylcholine in aortas from rats submitted to CLP.uldadedeCiências Farmacêuticas
o Preto, SP, Brazil. Tel.: +55 16
vier OA license.© 2011 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Vasodilation is the major symptom of septic shock. Vasodilating
substances, which are physiologically released by endothelial cells
and act in the vascular smooth muscle cells, may be deregulated in
pathological conditions, such as sepsis. These substances include nitric
oxide (NO), endothelium-derived hyperpolarization factor (EDHF)
and prostacyclin (PGI2).
Most research has focused on the role of NO, which has been
pointed out as the main agent involved in the hypotension and
tissue injury taking place during sepsis (Rees, 1995). The latter
event is associated with changes in function and/or expression of
constitutive and inducible NO synthase (NOS) (Scott et al., 2002; Liu
et al., 1996), but the relative role of these isoforms in the mediation
of the sepsis phenotype remains unclear (Aird, 2003). A potent and
selective iNOS inhibitor SMT protects rats against the circulatory
failure and organ dysfunction caused by endotoxin and improvessurvival in a murine model of septic shock (Szabo et al., 1994).
However, Laubach et al. (1995) have shown that mice lacking iNOS
are not resistant to LPS-induced death. On the other hand, the
overexpression of eNOS has been demonstrated to make mice
resistant to hypotension and death after LPS injection (Yamashita
et al., 2000), but although the use of an NOS inhibitor raises vascular
resistance, mortality rates increased (Cobb et al., 1992). These data
suggest that there must be another mediator contributing to the
circulatory failure observed in sepsis.
After over a decade of effort, the failure to develop clinically
effective anti-sepsis agents is distressing, because themortality rate of
patients with severe septic shock remains too high. Thus, it is
important to critically examine why so many promising agents have
failed when tested (Deitch, 1998).
We have hypothesized that not only NO, but also the prostacyclin
pathway, would be involved in the acetylcholine-induced relaxation
during the early hyperdynamic phase of sepsis induced by cecal
ligation and perforation (CLP). In this context, the present study
aimed to investigate the endothelium-dependent relaxation induced
by acetylcholine as well as the factors involved in this relaxation. To
this end, experiments were conducted on aortic rings isolated from
rats submitted to CLP, 2 h after sepsis induction.
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2.1. Animals
Male Wistar rats (180−250 g) were maintained in standard
conditions, including 12 h light/dark cycle and free access to both
food (standard rat chow) and water. Experimental protocols followed
standards and policies of the Animal Care and Use Committee of
University of São Paulo (128/2007).
2.2. Sepsis induction
Sepsis was induced by cecal ligation and perforation (CLP). Brieﬂy,
rats were anesthetized with tribromoethanol (2.5 mg kg−1, i.p). A
small midline laparotomy was then performed, and the cecum was
exposed. A distended portion of the cecum just distal to the ileocecal
valve was isolated, ﬁlled with fecal content, and ligated with a silk
suture, so that bowel continuity would not be disrupted. The ligated
portion of the cecum was perforated twenty times, with the aid of a
16-gauge needle. The abdomen was closed in two layers, and the
animals were allowed to recover. Sham-operated animals were
submitted to laparotomy only.
2.3. Mean arterial pressure recording
Under anesthesia, the femoral artery was cannulated for contin-
uous recording of the mean arterial pressure (MAP), by means of a
pressure transducer and ampliﬁer (ADInstruments, Mountain View,
CA-USA) connected to the cannula. The pressure recordings, as well as
the analyses, were carried out using the Chart 4.0 software.
2.4. Preparation of the vessels
The rats were anesthetized and killed by decapitation 2 h after
surgery. The thoracic aorta was quickly removed, dissected free, and
cut into 4 mm-long rings. The aortic rings were placed between two
stainless-steel stirrups and connected to an isometric force transducer
(Letica Scientiﬁc Instruments, Barcelona-Spain), in order to measure
the tension. The rings were placed in a 10 mL organ chamber
containing Krebs solution with the following composition (mmol/L):
NaCl 130, KCl 4.7, KH2PO4 1.2, MgSO4 1.2, NaHCO3 14.9, glucose 5.5,
and CaCl2 1.6. The solution was maintained at pH 7.4, and gassed with
95%O2 and 5% CO2, at 37 °C. The ringswere initially stretched to a basal
tension of 1.5 g and allowed to equilibrate for 60 min in the bath, being
washed every 15 min. Endothelial integrity was qualitatively assessed
by the degree of relaxation caused by acetylcholine (1 μmol/L) in the
presence of contractile tone induced by phenylephrine (0.1 μmol/L).
Endotheliumwas considered intact when the relaxation response was
greater than 80%.
2.5. Effect of NO synthase inhibitors on the acetylcholine-induced
relaxation
The rings were pre-contracted with phenylephrine (0.1 μmol/L).
After the contractile response had reached a plateau, cumulative
concentration−effect curves for acetylcholine (0.1 nmol/L–10 μmol/L)
were constructed in the absence and in the presence of the given NOS
inhibitors: L-NAME (non-selective, 0.1 mmol/L), L-NNA (more selective
for eNOS, 0.1 mmol/L), 7-nitroindazole (more selective for nNOS,
0.1 mmol/L), or 1400W (selective for iNOS, 0.01 mmol/L). In all the
protocols, the inhibitors were incubated for 30 min prior to the pre-
contraction with phenylephrine, in order to avoid inﬂuences on the
contractile responses and to allow the equilibrium time necessary for
the inhibitors to bind to the target enzymes.2.6. Confocal microscopy
The rats were anesthetized and killed 2 h after surgery. The
thoracic aorta was quickly removed, cut longitudinally, and main-
tained in Hanks solution with the following composition (in mmol/L):
145.0 NaCl, 1.6 CaCl2, 5.0 KCl, 1.0 MgCl2, 0.5 NaH2PO4, 10.0 dextrose,
and 10.0 HEPES. The inner surface of the vessel was gently scraped
with a plastic stem, to isolate the endothelial cells. The cell suspension
was centrifuged at 1000 rpm for 5 min. The cell pellet was then
suspended in 0.5 mL Hanks solution and maintained in a humidiﬁed
incubator (37 °C) until the experiment. The cells were placed on glass
coverslips covered with poly-L-lysine and pre-treated with the
superoxide scavenger TIRON (0.1 mmol/L) for 30 min. This procedure
was done to prevent NO quenching by superoxide. In some
experiments, the NOS inhibitor was incubated for additional 30 min.
The NO-sensitive ﬂuorescent probe DAF-2DA (4,5-diaminoﬂuorescein
diacetate, 10 μmol/L) was used for assessment of the NO concentra-
tion. The chamber was placed on the stage of the confocal microscope
(Leica TCS-SP5) from the bottom of the chamber, through a water-
immersion objective. The DAF2-DA probe was excited with the 488-
nm line of an argon ion laser, and the emitted ﬂuorescence was
measured at 515 nm. Determination of the acetylcholine-induced
increase in ﬂuorescence, which represents the NO concentration in
endothelial cells isolated from sham- and CLP-operated rats in the
presence or in the absence of the NOS inhibitors, was accomplished.
The results were expressed as percentage of basal ﬂuorescence. This
was done because the basal ﬂuorescence value varies among the
samples and the use of percentage values avoids the interference of
the basal levels of NO.2.7. Western blot analysis of NOS isoforms
Two hours after surgery, aortas were collected, dissected free of
connective tissue, and immediately frozen in liquid nitrogen. Each
samplewashomogenized inprotein ice-cold lysis bufferRIPA(Tris−HCl
65.2 mmol/L; NaCl 154 mmol/L; NP-40 1%; sodium deoxycolate 0.25%;
EDTA 0.8 mmol/L). Homogenates were centrifuged at 10,000 rpm and
4 °C for 10 min, to remove tissue debris. Protein concentrations in the
samples were determined by the Bradford method (Bio-Rad Protein
Assay). Protein from the tissue samples (50 μg) were separated on 8%
SDS-PAGE and transferred to a nitrocellulose membrane. Membranes
were blocked for 1 h with 5% nonfat milk in tris-buffered solution, at
room temperature. Membranes were incubated with mouse primary
antibody against eNOS (1:2500, BD Biosciences, San Jose, CA, USA),
nNOS (1:1000, BD Biosciences), or iNOS (1:1000, BD Biosciences)
overnight, at 4 °C. Membranes were then incubated with a mouse
HRP-conjugated secondary antibody for 2 h at room temperature,
followedbychemiluminescence labeling (ECL,GEHealthcare) for 2 min.
Bands were detected by using a ﬁlm developer (Image Quant 350 GE).
To determine loading consistencies, each membrane was incubated
with antibody against mouse β-actin (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), and data were normalized by β-actin. The abundance of
these proteins was quantiﬁed by densitometry. Endothelial cells
isolated from rats, rat brain, and septic rat lung were employed as
positive controls for eNOS, nNOS, and iNOS, respectively.2.8. Effect of catalase on the acetylcholine-induced relaxation
Cumulative concentration−curves for acetylcholine (0.1 nmol/L–
10 μmol/L) were performed in the absence or presence of catalase
(300 U/mL), the enzyme that catalyzes the decomposition of
hydrogen peroxide to water and oxygen, and the given NOS inhibitor.
Catalase was incubated for 30 min before further experimental
procedures.
Fig. 1. Acetylcholine-induced relaxation in intact endothelium rat aortic rings.
Cumulative concentration−effect curves for acetylcholine (0.1 nmol/L to 10 μmol/L)
in aortic rings pre-contracted with phenylephrine (0.1 μmol/L). Comparison of
acetylcholine-induced relaxation in sham (n=6) vs CLP (n=6) aortic rings. Data are
expressed as percentage of relaxation. Each point represents mean±SEM of n
independent experiments.
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Cumulative concentration−effect curves for acetylcholine were
performed in the presence or in the absence of a non-selective COX
inhibitor (indomethacin 0.01 mmol/L) and the NOS inhibitor. Indo-
methacin was incubated for 30 min before further experimental
procedures.
2.10. Measurement of prostacyclin content
Prostacyclin is unstable and undergoes spontaneous hydrolysis to
6-keto-prostaglandin F1α. So quantiﬁcation of 6-keto-prostaglandin
F1α is accepted as an indirect measure of prostacyclin formation. For
this analysis, aortic rings from sham- and CLP-rats were placed in an
organ bath containing 1 mL Krebs solution at 37 °C and continuously
gassed with a mixture of 95% O2 and 5% CO2. The rings remained in
this solution for 20 min, which was followed by treatment with
phenylephrine for 10 min, with or without acetylcholine (10 μmol/L)
for an additional 10 min. In another set of experiments, the rings were
previously treated with or without L-NAME (0.1 mmol/L) for 30 min,
and/or indomethacin (0.01 mmol/L) for 30 min. The medium was
collected and stored at −70 °C for determination of 6-keto-prosta-
glandin F1α by enzyme immunoassay (commercially available kit
from GE Healthcare Bio-Sciences, Piscataway, NJ, USA).
2.11. Drugs
Phenylephrine (L-phenylephrinehydrochloride), acetylcholine (ace-
tylcholine chloride), L-NAME (Nω-nitro-L-argininemethyl ester hydro-
chloride), L-NNA(Nω-nitro-L-arginine), 7-NI (7-nitroindazole), 1400W
(N-([3-(aminomethyl)phenyl]methyl)ethanimidamide dihydrochlor-
ide), tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt),
DAF2-DA (4,5-diaminoﬂuoresceine diacetate), dimethylsulfoxide, and
catalase were obtained from Sigma-Aldrich (St Louis, MO-USA).
Tribromoethanol was purchased from Acros Organics (Gee, Belgium)
and indomethacin was acquired from Calbiochem (San Diego, CA, USA.
6-keto-prostaglandin F1α ELISA kit was obtained from GE HealthCare
Bio-sciences (Piscataway, NJ, USA).
Tribromoethanol, phenylephrine, acetylcholine, L-NAME, tiron,
and catalase were dissolved in deionized water. L-NNA, 7-NI, 1400W,
and DAF2-DAwere dissolved in dimethylsulfoxide. Indomethacin was
dissolved in ethanol. The ﬁnal concentration of DMSO and ethanol did
not exceed 0.1% in the bath solution.
2.12. Data analysis
Data are represented as percentage of themaximumeffect, in order to
normalize the relaxation. Data are expressed as mean±SEM, with n
indicating the number of animals. For the functional studies, the
maximum effect (ME) was considered as the maximal amplitude
response reached in the concentration−effect curves for the relaxant
agent. The concentration of the agent producing half-maximal relaxation
amplitude (EC50)wasdeterminedafter logarithmic transformationof the
normalized concentration-effect curves, and EC50 values are reported as
the negative logarithm (pD2) of the mean of individual values for each
tissue. Statistical analysis was performed by one-way ANOVA with
Dunnett or Newman Keul's post-hoc test, using the software Prism
Graphpad 3.0. A p value b0.05 was considered signiﬁcant.
3. Results
3.1. Mean arterial pressure
The mean arterial pressure of the animals submitted to cecal
ligation and perforation was not altered up to 4 h post-CLP. However,after that the mean arterial pressure was progressively decreased and
90% of the animals died 8 h post-CLP.
3.2. Acetylcholine-induced relaxation
Therewasnodifference in the acetylcholine-induced relaxation in the
aortic rings from sham-operated rats (ME: 98.6±1.8%; pD2: 7.18±0.24;
n=6) and CLP aortic rings (ME: 101.8±2.3%; pD2: 7.23±0.05; n=6),
2 h post-CLP (Fig. 1). There were no differences between the pre-
contraction amplitude achieved for CLP and sham aortic rings for the
same concentration of phenylephrine (EC50=0.1 μmol/L) (sham: 1.11±
0.2 g n=6; CLP: 1.18±0.1 n=5).
3.3. Effect of NOS inhibitors on acetylcholine-induced relaxation
As shown in Fig. 2A, the relaxation induced by acetylcholine in the
aortic rings from sham-operated rats and rats submitted to CLP was
almost abolished after 30-min incubation with L-NAME (sham rats,
ME: 3.7±3.2%; n=5; pb0.001 and CLP, ME: 12.7±1.1%; n=6;
pb0.001). The relaxation was signiﬁcantly reduced by L-NNA in the
aortic rings from sham rats (ME: 21.1±5.3%; n=5, pb0.001) and CLP
rats (ME: 28.0±1.5%; n=10, pb0.001) (Fig. 2B). In a similar way, 7-
NI diminished relaxation induced by acetylcholine in the aortic rings
from sham rats (ME: 60.9±9.5%; pD2: 7.0±0.10; n=5; pb0.001)
and CLP rats (ME: 82.2±3.4%; pD2: 7.26±0.33; n=6, pb0.001)
(Fig. 2C). On the other hand, the relaxation induced by acetylcholine
was not altered by 1400 W in the aortic rings from sham (ME: 96.3±
2.6%; pD2: 7.67±0.15; n=7) and CLP rats (ME: 99.6±2.8%; pD2:
7.55±0.018; n=6), as depicted in Fig. 2D.
In this study, the pre-contraction amplitude of CLP and sham aortic
rings was similar for the same concentration of phenylephrine (EC50:
0.1 μmol/L).
3.4. Confocal microscopy
The endothelial cells isolated from sham and CLP rat aortas
presented basal production of NO. After addition of acetylcholine,
both cell groups presented increased NO production. However, the
endothelial cells from CLP rats furnished lower NO production (54.1±
2.1%, n=3, pb0.01) compared with sham rat cells (81.4±6.6%), as
shown in Fig. 4. Incubation with L-NNA signiﬁcantly inhibited NO
production by acetylcholine in both CLP (4.5±1.6%, n=3, pb0.001)
and sham (11.3±1.1%, n=3, pb0.001) rats. On the other hand, 7-NI
did not alter acetylcholine-induced NO production in either sham
(79.3±7.2%) or CLP (56.5±1.3%) rat aortic rings (Fig. 3).
Fig. 2. Acetylcholine-induced relaxation in intact endothelium rat aortic rings in the presence of NOS inhibitors. Cumulative concentration−effect curves for acetylcholine (0.1 nmol/
L to 10 μmol/L) in the presence of (A) L-NAME (0.1 mmol/L), (B) L-NNA (0.1 mmol/L), (C) 7-NI (0.1 mmol/L), and (D) 1400 W (0.01 mmol/L) in sham vs CLP. Data are expressed as
percentage of relaxation. Each point represents mean±SEM of 5−10 independent experiments. *Signiﬁcantly difference when compared to Sham (Pb0.05, one-way ANOVA,
Newman−Keuls post hoc test).
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The expression of eNOS and nNOS in the sham and CLP groups was
not different. It was not possible to detect iNOS expressionwhen 50 μg
protein/well was used. Thus, the concentration of protein was
increased to 100 μg, but still no iNOS protein expression could be
observed (Fig. 4).Fig. 3. Fluorescence of DAF-2/DA in aortic endothelial cells isolated from sham and CLP
rats two hours post-CLP. Mean ﬂuorescence of DAF-2T in the absence (control) or in the
presence of L-NNA or 7-NI were measured. Data are expressed as mean±SEM of the
percentage difference of the intensity of ﬂuorescence (IF) between basal and
acetylcholine-stimulated (10 μmol/L) cells of 3 independent experiments. *Signiﬁcant
difference when compared to sham (Pb0.01). #Signiﬁcant difference when compared
to control (Pb0.001). One-way ANOVA, Newman−Keuls post hoc test.3.6. Effect of catalase on the acetylcholine-induced relaxation
Catalase signiﬁcantly reduced the acetylcholine-induced relaxation
in thepresence ofNOS inhibitors in both sham(L-NAME+catalase:ME:
0.2±1.0% n=5, pb0.05; L-NNA+catalase ME: 0.6±1.1% n=6,
pb0.05; 7-NI+catalase ME: 56.7±5.2%, pD2: 6.99±0.17 n=8,
pb0.05) and CLP aortic rings (L-NAME+catalase: ME: 6.7±
5.8% n=6, pb0.05; L-NNA+catalase ME: 12.9±3.7% n=8, pb0.05;
7-NI+catalase ME: 70.1±5.5%, pD2: 7.84±1.0 n=7, pb0.05) (Fig. 5).
3.7. Effect of indomethacin on the acetylcholine-induced relaxation
Indomethacin reduced the acetylcholine-induced relaxation in the
presence of NOS inhibitors in CLP aortic rings (L-NAME+INDO: ME:
4.8±2.0% n=5, pb0.05; L-NNA+INDO ME: 3,2±2.3% n=8,
pb0.05; 7-NI+ INDO ME: 49.4±4.8%, pD2:7.39±0.25 n=5,
pb0.05), but not in sham aortic rings (L-NAME+INDO: ME: 4.60±
1.0% n=5; L-NNA+INDO ME: 6.8±3.1% n=7; 7-NI+INDO ME:
45.1±4.3%, pD2: 7.53±0.08 n=6) (Fig. 6).
3.8. Indirect measurement of prostacyclin content
The basal concentration of 6-keto-prostaglandin F1αwas greater in
the aortic rings from CLP rats (10012.12±639.85 pg/mL, n=4,
pb0.01) compared with sham rats (4328.48±779.60 pg/mL n=4)
(Fig. 7). The concentration of 6-keto-prostaglandin F1α was not
different in the presence of phenylephrine (Sham 4499.38±
1304.39 pg/mL n=4; CLP 7935.93±1408.08 pg/mL n=4). The
concentration of 6-keto-prostaglandin F1α was increased in the
Fig. 4.Western blotting analysis of NOS isoforms. Representative blots showing protein expression of eNOS (A), nNOS (B), and iNOS (C). Each lane represents the protein obtained
from the homogenate of an independent rat aorta. Septic rat lung was used as a positive control for iNOS. Bars show the optic densitometry of the blots (n=8/group).
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n=4, pb0.01) and CLP (16965±1145.42 pg/mL n=4, pb0.001) rat
aortas, being larger in the latter case. However, the concentration of 6-
keto-prostaglandin F1α was not different in the presence of acetyl-
choline plus L-NAME (Sham 8839.31±836.51 pg/mL n=4; CLP
7434.56±857.75 pg/mL n=6), acetylcholine plus indomethacin
(Sham 4526.95±949.15 pg/mL n=4; CLP 7223.35±300.05 pg/mL
n=3) or acetylcholine plus L-NAME plus indomethacin (Sham
5983.39±1288.42 pg/mL n=3; CLP 9004.09±439.99 pg/mL n=4)
for both sham and CLP rat aortic rings.
4. Discussion
Septic shock reﬂects the end of a continuous progressive
pathophysiological deterioration that culminates in hypotension.
The latter is accompanied by hypoperfusion and organ dysfunction,
which leads to death (Bridges and Dukes, 2005). In our study, the
animals became hypotensive along the time elapsed after induction of
sepsis. But 2 h after induction of sepsis, the animals were still
normotensive.
The reason why acetylcholine-induced relaxation was studied 2 h
post-CLP is that at this time the animals were still normotensive,
which characterizes an early hyperdynamic phase of sepsis.
Although some studies have shown a hyporesponsiveness to
contractile agents during sepsis (Joulou-Schaeffer et al., 1990), other
studies have not reported this (Geng et al., 1993). In our study, there
were no differences between the pre-contraction amplitude achieved
for CLP and sham aortic rings for the same concentration of
phenylephrine.
In our study, there were no differences in the relaxation induced
by acetylcholine in sham and CLP aortic rings 2 h post-CLP. In order to
verify the participation of each NOS isoform in the acetylcholine-
relaxation in sham and CLP rat aortas, the selective NOS inhibitors
were employed. The non-selective (L-NAME) and more selective (L-
NNA and 7-NI) NO synthase inhibitors reduced acetylcholine-induced
relaxation in both groups, but with weaker inhibitory effect on the
aortas from CLP rats compared with sham rats. In fact, the pattern of
vascular relaxation induced in septic animals remains a subject of
debate. Enhanced (Chen et al., 1994), decreased (Subramani et al.,
2009), and unchanged (Myers et al., 1999) responses to acetylcholineduring sepsis have been reported. To ﬁnd out the reason why the
acetylcholine-induced relaxation of CLP aortic rings is greater in the
presence of the NOS inhibitors, we decided to examine whether it
could be due to massive NO production attributed to sepsis. In fact,
some studies have shown iNOS activation leading to higher NO
production during sepsis (Jia et al., 2006). However, the constitutive
NOS activity or function may be differentially regulated. Some studies
have reported that endothelium-derived NO production is reduced
during endotoxemia (Young et al., 1991; Wylam et al., 1990; Myers
et al., 1994). In agreement with these reports, we have detected lower
levels of acetylcholine-induced NO produced by endothelial cells in
CLP rats compared with sham-operated rats. Moreover, the expres-
sion of constitutive NOS was not altered by sepsis, suggesting that this
reduction in NO production might be due to reduced constitutive NOS
activity and not to reduced expression of the enzyme.
The augmented relaxation after NOS inhibition could be the result
of massive NO production by iNOS, which is induced by various
cytokines during inﬂammation and/or sepsis (Dil and Quresh, 2002).
Nevertheless, the selective inhibition of iNOS did not alter acetylcho-
line-induced relaxation two hours post-CLP. Additionally, the protein
expression of iNOS was not detected by western blotting. In fact,
Vromen et al. (1996) have shown that CLP-induced sepsis causes low
level of iNOS induction. Furthermore, as previously reported,
increased expression of iNOS requires several hours to elapse after
induction of sepsis (Palmer, 1993). So overproduction of NO by iNOS
does not appear to be responsible for the increased acetylcholine-
induced relaxation following constitutive NOS inhibition. Although
iNOS is considered a calcium-independent NOS isoform and, there-
fore, the iNOS induced NO production would not be activated by
acetylcholine, at least an enhancement in the potency of acetylcholine
would be expected if iNOS was producing large amounts of NO.
Since NO was not responsible for the enhanced relaxation in CLP
aortic rings under NOS inhibition, our next step was to identify which
(s) molecule(s) could be involved in this response. Our ﬁrst candidate
was hydrogen peroxide. Indeed, there is a lot of evidence that reactive
oxygen species (ROS) are involved in the pathogenesis of sepsis
(Martins et al., 2003). Hydrogen peroxide can be produced by various
cell types, including endothelial and vascular smooth muscle cells
(Dröge, 2001), and it has been mainly recognized as a direct
vasodilator in a variety of vascular beds, including the aorta (Yang
Fig. 5. Acetylcholine-induced relaxation in intact endothelium rat aortic rings in the
presence of NOS inhibitors plus catalase. Cumulative concentration−effect curves for
acetylcholine (0.1 nmol/L to 10 μmol/L) in the presence of (A) L-NAME (100 μmol/L),
(B) L-NNA (100 μmol/L), and (C) 7-NI (100 μmol/L) plus catalase (300 U/mL) in sham vs
CLP. Data are expressed as percentage of relaxation. Each point represents mean±SEM
of 5−8 independent experiments. *Signiﬁcant difference when compared to+NOS
inhibitor (Pb0.05, one-way ANOVA, Newman–Keuls post hoc test).
Fig. 6. Acetylcholine-induced relaxation in intact endothelium rat aortic rings in the
presence of NOS inhibitors plus indomethacin. Cumulative concentration−effect curves
for acetylcholine (0.1 nmol/L to 10 μmol/L) in the presence of (A) L-NAME (100 μmol/L),
(B) L-NNA (100 μmol/L), and (C) 7-NI (100 μmol/L) plus indomethacin (10 μmol/L) or
not in sham vs. CLP. Data are expressed as percentage of relaxation. Each point
represents mean±SEM of 5−8 independent experiments. *Signiﬁcant difference when
compared to Sham (Pb0.05, one-way ANOVA, Newman–Keuls post hoc test).
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was induced by means of catalase, acetylcholine-induced relaxation
was reduced in a similar way in the aortic rings from sham and CLP
rats, indicating that hydrogen peroxide is involved in the relaxation
induced by acetylcholine, but is not the factor involved in the
augmented relaxation observed during sepsis.
It is widely accepted that the inﬂammatory response plays an
important role in mediating the sepsis phenotype. In this context, the
most likely candidate for this factor is a prostanoid produced by the
enzyme cyclooxygenase. Indeed, elevated levels of prostacyclin have
been found in animals treated with LPS or pro-inﬂammatory
cytokines or in patients under septic shock (Bernard et al., 1991;
Höcherl et al., 2008). In our hands, the inhibition of cyclooxygenase
with indomethacin inhibited the relaxation in CLP aortas. Interest-ingly, the response in CLP became similar to that detected in sham-
operated rat aorta.
Prostacyclin is the main vasodilator COX product and can be
investigated by dosing its stable metabolite 6-keto-prostaglandin F1α.
As expected, the basal concentration of this metabolite was greater in
CLP aortic rings as compared to sham aortic rings. In addition,
acetylcholine induced an increase in 6-keto-prostaglandin F1α
concentration in both sham and CLP aortic rings, but it was still
greater in the latter. This increase was abolished by L-NAME,
indomethacin, and a combination of both inhibitors. This is the ﬁrst
in vitro study demonstrating that prostacyclin participates in the
augmented response to acetylcholine during sepsis.
It is well appreciated that acetylcholine stimulates the endothelial
production of vasodilating prostaglandins (Vizioli et al., 2005).
Fig. 7. Production of tissue 6-keto-PGF2α by endothelium-intact aortic rings. Aortic rings
treated or not (Basal) with phenylephrine for 10 min (Phe), phenylephrine (10 min)
plus acetylcholine (10 min) (ACh), L-NAME (20 min) plus phenylephrine (10 min) plus
acetylcholine (10 min) (ACh+L-NAME), INDO (20 min) plus phenylephrine (10 min)
plus acetylcholine (10 min) (ACh+INDO), L-NAME plus INDO (20 min) plus phenyl-
ephrine (10 min) plus acetylcholine (10 min) (ACh+L-NAME+INDO) in sham and CLP
aortic rings. Values are mean±SEM from 3 to 6 independent determinations.
*Signiﬁcant difference compared to basal level (Pb0.01) #Signiﬁcant difference
compared to Sham (Pb0.01). One-way ANOVA, Newman–Keuls post hoc test).
50 A.V. Araújo et al. / Vascular Pharmacology 54 (2011) 44–51Various studies have shown an interaction between NO and
eicosanoid production in various cell types (Salvemini, 1997).
Marcelín-Jiménez and Escalante (2001) have described that the
increased production of the stable metabolite of PGI2 by cycloox-
ygenase is augmented by the NOS inhibitor L-NAME, suggesting that
low concentrations of NO are necessary to induce the production of
prostacyclin. It has been proposed that this interaction between PGI2
and NO may represent a compensatory mechanism that ensures an
increase in one of these agents when the concentration of the other is
low (Gambone et al., 1997 ). Our data emphasize reduced NO
production in contrast to elevated prostacyclin production in aorta
isolated from CLP and sham rats. This compensatorymechanism could
explain why the ﬁnal result of acetylcholine stimulation; i.e., the 100%
relaxation, is similar in sham and CLP rat aortic rings.
Some other studies have suggested an important role for
prostacyclin in hypotension and cardiac failure during sepsis. The
PGI2 receptor (IP) antagonist CAY-441 or COX inhibition with
rofecoxib attenuated the fall in blood pressure induced by LPS
(Höcherl et al., 2002, 2008). Grandel et al. (2000) observed that LPS
depresses contractility of isolated rat hearts by inducing TNF-α
synthesis, whereas no evidence of a role for NOSII- or NOSIII-
generated NO was found. Also, enhanced PGI2 synthesis via COX-2
could in part mediate LPS-induced cardiac failure (Mittra et al., 2004;
Zhang et al., 2007). Taking into account our results and data from all
these studies, it could be inferred that prostacyclin is of particular
relevance for the cardiovascular dysfunction observed during sepsis.
It can be concluded that prostacyclin, and not only nitric oxide, is a
mediator of the vasorelaxation induced by acetylcholine in aortas
from rats submitted to cecal ligation and perforation (CLP).
We have to recognize that a limitation of the present study is that
we cannot guarantee that these ﬁndings are reproducible in vivo
conditions.
Future advances in sepsis therapy require a better understanding
of the relationship between the various mediators of the host
response, which could change the present concept that points out
NO as the only agent responsible for cardiovascular failure during
sepsis.Acknowledgements
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